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A B S T R A C T

Hepatitis E virus (HEV) is an emerging zoonosis caused by a positive RNA single stranded virus of the
Hepeviridae family. In developed countries, pigs and wild boars are the main reservoir for zoonotic genotypes 3
and 4. In spring 2017, for the first time HEV was detected in wild boars captured in the Regional Park of the
Euganean Hills, in north-eastern Italy. Phylogenetic analysis of two complete viral genomes and seven partial
ORF1 and ORF2 sequences of HEV viruses, selected from twelve positive animals, showed that the viruses
grouped together within genotype 3 but clustered separately from previously identified subtypes, thus sug-
gesting the identification of a novel genotype 3 subtype. The phylogenetic analysis of nine partial ORF2 se-
quences showed the closest similarity with wild boar/human viruses identified in central-northern Italy in 2012.
The circulation of HEVs in this area, characterized by a vast man-made environment, an overpopulation of wild
boars and > 150 swine farms, should be considered in a public health perspective. Further investigations at the
wild/domestic species and human interface are therefore necessary to gain a deeper understanding of HEV
dynamics.

1. The study

Hepatitis E is an emerging zoonosis caused by a positive RNA single
stranded virus belonging to the Orthohepevirus A species of the
Hepeviridae family. Of the 8 recognized hepatitis E virus (HEV) geno-
types, genotypes 3 and 4 (HEV3 and HEV4) are known for their zoo-
notic potential and, in developed countries, pigs are their main re-
servoir. However, cases of foodborne transmission of HEV3 and HEV4
have been reported not only following the consumption of pork liver
sausages but also of wild boar products.

HEV actively circulates in the European wild boar populations and
the prevalence data are variable according to the geographical area,
types of samples processed and analyses performed. In north-western
and central Italy wild boar seroprevalence ranges from 5% to 52% and
positive rates of viral RNA vary between 0% and 25% (Caruso et al.,
2015; De Sabato et al., 2018c; Martelli et al., 2008; Martinelli et al.,
2015; Serracca et al., 2015). It is noteworthy that prevalence is influ-
enced by factors that reflect different degrees of interaction between
wild boar and domestic pigs, as observed for other pathogens (Linhares
et al., 2015).

HEV of genotype 3 is widespread among Italian domestic pigs (Di
Bartolo et al., 2008, 2011, 2016; Monini et al., 2015), while only a
single detection of genotype 4 was reported in a swine farm in northern
Italy in 2015 (Monne et al., 2015). Among genotype 3, subtypes 3c, 3e
and 3f have been found in pigs and wild boars in northern Italy (Di
Bartolo et al., 2011; Caruso et al., 2015, 2017; La Rosa et al., 2011,
2014, 2017;), subtype 3i in a wild boar in southern Italy (Campania) in
2015 (De Sabato et al., 2018b) and a newly proposed 3 l subtype was
detected in swine collected in 2012–2013 in northern Italy (De Sabato
et al., 2018a). To date little is known about the presence of HEV in the
wild population of north-eastern Italy.

In the framework of a HEV surveillance plan carried out in wild
ungulates in the Veneto and Friuli Venezia Giulia regions (north-eastern
Italy), we identified 12 HEV positive animals out of 138 wild boars
sampled between October 2016 and August 2017 in the Regional Park
of the Euganean Hills (see Appendix A supplementary data for details).
This area covers 18.694 ha, it is divided into 15 municipalities and
counts 154 swine farms, 5 of which registered as free-range. Given the
various human activities in this area (agriculture, breeding, tourism),
interaction between humans, livestock and wild boar is very likely,
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even more considering that the wild boar population has been in-
creasing since the ‘90s, when the species was illegally introduced into
the Park. As an example, the number of animals culled in
January–August 2017 (n = 1106) considerably exceeded the number of
wild boars estimated in 2007 (n = 432). Dealing with this complex
epidemiological scenario, the aim of this study was to genetically
characterize the wild boar HEVs found in this area and to compare their
genetic relatedness with the HEV viruses previously identified in swine
and humans.

The complete genomes of two HEV strains and the partial ORF1
(293 nt) and ORF2 (378 nt) sequences of seven HEVs were obtained
from nine sub adult (weight < 20 kg) wild boars (Table 1).

We generated three datasets which included subtype reference se-
quences based on the work by Smith et al. (2016) and sequences re-
sulted from the BLAST search (NCBI, GenBank): 1) partial RNA-de-
pendent RNA polymerase (RdRp) gene in ORF1, 2) partial capsid gene
in ORF2 and 3) complete genome alignments. Differently from the
previously identified HEV in Italian domestic and wild swine, which
belonged to subtypes 3c, 3e, 3f, 3i and 3 l (Di Bartolo et al., 2011; De
Sabato et al., 2018a, 2018b; Caruso et al., 2017; La Rosa et al., 2017),
the maximum likelihood (ML) phylogenetic tree of the complete
genome, obtained in PhyML v.3.1 (Guindon and Gascuel, 2003),
showed that the sequences recovered in 2017 clustered together
(identity of 99.3%) within genotype 3, but separately from the known
subtypes (Figs. 1; 2; S1, Appendix A supplementary data). This phylo-
geny contains a total of 59 sequences representative of each genetic
group of genotype 3 (Fig. 1). Each cluster representative of a different
subtype was well supported by bootstrap values ranging from 96.8% to
100%. The cluster of the sequences generated in this study showed a
bootstrap support of 100% and a nucleotide p-distance value > 0.143
(between group mean distance) with the twelve genetic subtypes (3a to
3c, 3e to 3 l, and 3ra) and with some unclassified strains. Specifically, it
showed the highest similarity with sequences from groups 3i (85.7%)
and 3c (85.6%) and with a cluster consisting of two sequences not
classified in any subtype (KU176130 and KU513561) (85.6%). Pre-
viously identified groups within genotype 3 showed nucleotide p-dis-
tance values ranging from 0.125 to 0.213, suggesting that the diver-
gence from other subtype reference strains is sufficient to consider the
strains identified in wild boar in the Veneto region as candidates for a
novel subtype (Table 2).

The trees of partial RdRp gene (ORF1) and partial capsid gene
(ORF2) showed that the 2017 Italian strains clustered together and had
a similarity of 99.7%–100% and 98.2%–98.7%, respectively. For the
ORF2 region, for which the sequences availability was higher, we ob-
served a close relation with wild boars strains detected in central Italy
(Tuscany region) in 2012 (89.4%–92.2% similarity) (Mazzei et al.,
2015) and a human case reported in northern Italy (Veneto region) in
2012 (89.7%–90.5% similarity) (Giordani et al., 2013). These events
were likely related, as the patient had butchered a wild boar hunted in
Tuscany two months before the onset of acute hepatitis.

The ORF2 phylogeny showed that, within most of the genotype 3
subtypes detected in Italy, viruses from wild boars and pigs were
clustering together with viruses identified from human cases; this ob-
servation was confirmed for the HEVs detected in the Euganean Hills
territory. It is well known that HEV spreads to humans via foodborne
transmission through faecal contamination of drinking water, con-
sumption of raw or undercooked meat or of raw milk (Huang et al.,
2016) from infected animals. Heavy environmental contamination by
stool could represent an additive source of infection for forestry
workers and hunters (Carpentier et al., 2012). Moreover, an increasing
interest for game meat consumption suggests taking this virus into
consideration in future risk assessment procedures.

This study represents the first report of the zoonotic HEV-3 subtype
in wildlife in north-eastern Italy. We identified a new group, separated
from the others by a long branch in all the phylogenetic trees; in the
ORF2 phylogeny we observed a wide time gap between the data weTa
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collected in 2017 and the wild boar and human sequences, belonging to
the same clade, collected in 2012. These findings suggest that an active
surveillance among domestic and wild swine in north-eastern Italy
needs to be sustained to determine the source of this new subtype, to

monitor the spread of the virus and to prevent transmission to other
species, including humans. Furthermore, our results highlight the need
to invest in training programs aimed primarily at the categories at risk
of exposure to the hepatitis E virus.

Fig. 1. Maximum-likelihood phylogenetic tree of 59 HEV3 complete genome sequences. The Italian strains obtained in this study are shown in green. Bootstrap
supports higher than 80% are reported. Four HEV4 sequences were used as outgroup. Virus names indicate in sequence accession number, host (human (hu), wild
boar (wb), swine (sw) or rabbit (rb)), country of origin, year of collection, isolate ID. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Maximum-likelihood phylogenetic tree of 196 HEV3
ORF2 (378 nt) sequences. The Italian sequences identified
from wild boars, pigs and humans are marked in green, pink
and light blue respectively. The different HEV3 subtypes are
shown in grey boxes. The yellow box shows the Italian se-
quences which could represent a potential new subtype. The
Italian strains obtained in this study are identified by a black
square. Bootstrap supports higher than 80% are reported.
Five HEV4 sequences were used as outgroup. Virus names
indicate in sequence accession number, host (human (hu),
wild boar (wb), swine (sw) or rabbit (rb)), country of origin,
year of collection, isolate ID. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred
to the web version of this article.)
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.03.005.
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